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A model is presented that describes the competition between the ferromagnetic and several antiferromag-
netic structures observed in tidg _,A;MnO; series. It is found that the strong asymmetry of the magnetic
phase diagram, i.e., predominantly ferromagneticxfar0.5 and antiferromagnetic for>0.5, can readily be
explained by extending the double exchange model to include double occupancy. The strong charge fluctua-
tions between different MngXxlusters are the result of the charge-transfer-like nature of the manganites. The
dependence of the magnetic structure on lattice distortions is described. The appearance of different magnetic
structures around=0.5 is interpreted in terms of changes in the Mn-O-Mn bond angle and the Jahn-Teller
distortions.[S0163-182609)05501-0

Recently, there has been a renewed interest in the mangeaf them are reproduced in Fig. 1. The ferromagnetic regions
nate perovskite#\; ,A,MnO;, whereA are trivalent rare- 0f these structures are stabilized by the gain in kinetic energy
earth ions, such as, La, Nd, or Pr, aAd divalent cations, Of the e, electrons as a result of the alignment of the spins
such as, Ba, Ca, or Sr. For 8:X<0.4 these materials show formed by thet,, electrons. Anderson and Hasegawave
strong magnetoresistive effe¢t§ heoretically the focus so Shown that the effective hopping is proportional to @),
far has been on the interplay between magnetic and transpothered is the angle between two neighboritig spins. For
properties. However, a number of other intriguing issues haslassical spins this implies that the hybridization between
been given little theoretical attention. antiferromagnetically coupled sites is zero. In this limit the

First, the phase diagram is predominantly ferromagneti&y €lectrons hop in ferromagnetic regions of dimension 3, 2,
for x<0.5 and antiferromagnetic for>0.52° The standard 1, and O for the structures, A, C, and G, respectively.
double exchange modef and also related modefshow-  Obviously, the gain in kinetic energy becomes smaller for
ever, generally predict roughly equal antiferromagnetic relower dimensions. However, this can be compensated by the
gions forx greater and less than 0.5. This can be understootiicrease in the number of antiferromagnetic bonds from 0, 2,
by noting that holes in a background 2 spins & close 4, to 6 per site for thé=, A, C, andG structures, respec-
to zerg are expected to behave similarly to electrons in a ,
background ofS=2 spins  close to ong C - +

Secondly, recent experiments show a strong dependence F + + + >
of the magnetic properties on lattice distortions. Bor + +
=0.3, Hwanget al® have found that a decrease of the Mn- f - +
O-Mn bond angle behaves similarly to a decrease in hole ;
doping. Furthermore, fox~0.5, magnetic phase transitions 0 + +
are always accompanied by lattice deformatiois. \ . C + +

We present here a model that provides an intuitive and b ‘ 20 P
semiquantitative interpretation of these phenomena. Usually ’: + +

C

+
|

the manganites are studied with an effective model where
each site represents a Mg@luster. The effective on-site

interactionU . is often assumed to be of the order of the +
Coulomb interaction between thed 3lectronsU 4. Since -
Ugyg=5-6 eV one often takes the limitJoy—o. High- +

energy spectroscopy and, in particular, ©xtray absorption
spectroscopy*'2 however, provide strong evidence that the
manganites are in the charge-transfer regifiiehis implies

charge-transfer energy, i.e., forAMnO;,, Ueﬁerg FIG. 1. Different e stuct tound in th "

— 3 3 A . 1. Different magnetic structures found in the manganites.

_E(tZG%L)_E(tzgeg)’ Whe_reI: indicates a _hole on the oxy- F, A, C, andG have ferromagnetic regions of dimensions 3, 2, 1,

gen. For manganese OX'dA%gwl_z ev, i.e., of the order and 0, respectivelyd,. and 8, are the Mn-O-Mn bond angles in the

of the insulating gap in LaMn® ac plane and along thk axis, respectivelyA’ andC' are obtained
The next observation to make is on the different types oby rotatingA andC, respectively, by 90°. The- and— denote up

magnetic structures classified by Wollan and KoeRlgome  and down core spins, respectively.
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tively. Wollan and Koehler also identify &E structure, [ '

which can be thought of as ferromagnetic chains that zigzag

in the ac plane. We have omitted this structure since the I G

stabilization energy should be similar to tlestructure. G
To describe the competition between the different mag- ~ 0.10 T

netic structures we have studied the relative contributions of | A

the kinetic energy of the, electrons in ferromagnetic re-

gions of different dimensions and the superexchange of the i C

tyq electrons. We have included the effects of double occu- FE

pancy and the twofold degeneracy of tgorbitals. Effec- =

tive parameters are obtained by diagonalization of Mn-O-Mn £

clusters, taking into account the fact that the manganites are £

in the charge-transfer regime. 2 005 | 0.0 _
Since the Hund's coupling between thg spins and the
ey electrons is of the order of 2 eV, the ferromagnetic re- =
gions are predominantly populated gy electrons with their i 1D
spins parallel to that of the,, electrons. This effectively 2 028N p i
makes the itinerant electrons spinless fermions whose Hamil- e F A
tonian is given by D
040 05 1.0
H= ter(ia,ja’)c! i +U nn —q, (1 0.00 : ——
2 ef(la,ja’)ci, ja eﬁ2 il -1 N 0.0 0.5 1.0

ij,a,a'

. X
where a runs over the orbitals £x?>—y? and —1=372

—r2. This Hamiltonian is similar to the Hubbard model ex-  FIG. 2. The inset shows the total kinetic energy of the ferromag-
cept that one has two different kinds of orbitals instead of upetic regions as a function affor one, two, and three dimensions.
and down spins and the presence of cross terms between thke phase diagram shows the magnetic structure with the lowest
two orbitals in the hopping term. In this Hamiltonian, the energy as a function ok versus the energy needed to turn two
hopping is between effective sites, each representing agMin@eighboring sping\Egp,.
cluster. However, in the real system the hopping goes via the . . )
oxygen. The effective hopping parametey therefore de- w_her_enm is the numbe_r of.electrons on sitan the orbital
pends on parameters such as the difference in orbital enefith index a. The Hamiltonian now transforms into
gies between oxygen and manganese and, as we will discuss
in more detail below, the Mn-O-Mn bond angle. To account  H= Y t(ia,]j a')NZiT[Zja/CiTaCjaﬂL UerY, did;.
for these effects we calculatg; by considering a Mn-O-Mn ijaa !
cluster'® The basis set includes the Ml ®rbitals and the O 4
2p orbitals. For this small cluster the model parameters arghe operatorg, , ,
the difference in orbital energies of oxygen and manganese
ey orbital A, and the hybridization matrix elements of the Zia=(1—plpia—dld) " YHelpi,+pl _ i)
ey Orbitals and theos-bonding oxygen orbitals given by
(pdo)=0.5eV. The resulting many-body Hamiltonian is
then diagonalized exactly. The effective hopping matrix elereflect the renormalization of the hopping term. The square-
mentst4(ia,ja’) are derived from the bonding-antibonding root terms ensure that the original bandwidth is obtained in
splitting; the matrix elements follow the usual Slater-Kosterthe independent-particle limit. We adopt the saddle-point ap-
relationships ford electrons® U is equal toE(2)+ E(0) proximation, where the boson operators are considered to be
—2E(1) whereE(n) is the lowest energy of a MngZluster  independent of space and time.
with n ey electronsUg4 has been taken 5 eV. The results for the total energy as a function>ofare

We solve the Hamiltonian in Eql) following the ap- given in the inset of Fig. 2. For this calculation the parameter
proach of Kotliar and Ruckenstetfi.Four boson operators, Aeg decreases linearly from 1.3 to 0.7 eV>agoes from O to

that specify the occupation number of the empy (singly- 1, in agreement with the expected trend. This resultkn
occupied with an electron in orbitat (p;,), and doubly increasing from 0.31 to 0.44 andl« decreasing from 1.33 to
occupied (i) states at site, are introduced. The unphysical 1.06 eV as«< goes from 0 to 1. The parameters are given for
states introduced by this enlarged basis set can be removgd-0.0,, 0.5, and 1.0 in Table I. Note, that is of the order
by introducing the on-site constraints of the charge-transfer enerdy, and much smaller thad qq

the Coulomb interaction between thd 2lectrons.

The behavior of the total energy can be understood by
considering the limiting cases df.4 equal 0 andwo. For
U+=0 the kinetic energy decreases monatonically on going
5 5 from x equal 1 to 0. Furthermore, asgoes from 1 to O the
Piatdi=Nig, (3 differences between the kinetic energies for different dimen-

X(l_piT,—api,fa_eiTei)il/za 5

ei2+pi21+pi2,71+di2:1 (2

and
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TABLE I. The model parameters used to calculate the effectivenotably, the magnetic phase diagram is strongly asymmetric
parameters arepdo) andA. andUgyq=5 eV. For the calculation  as a function of doping® For x<<0.5 one finds ferromag-
of Fig. 3 we have usedAy=A,+1.1 and pdm)=  netism and forx>0.5 different antiferromagnetic structures
—0.45(pdo). A is assumed to decrease linearly fram0 tox  are observed. In the latter region we have mainlyGhiype
=1. The resulting effective parametetig;, Uerr, and AEg,n are  structure. From neutron diffraction Wollan and Koefler
given forx=0.0, 0.5, and 1.0. All energies are in eV. have established here the presenc€ aind CE type struc-
tures, i.e., structures with chainlike ferromagnetic regi@s.

X 0.0 0.5 1.0 type structures are relatively stable in the region 0.5
(pd9 0.5 0.5 0.5 since, in the independent particle limit, the bands are filled in
A 1.3 1.0 0.7 such a way that the double occupancy is zero, since one of
teft 0.31 0.37 0.44 the two bands is nondispersié the ferromagnetic chain is
Ut 1.33 1.19 1.06 along thez axis this band is formed by the&-y? orbitals that
AEsgpin 0.041 0.047 0.054 have a zero hybridization matrix element in théirection.

Therefore, when increasinds, the total energies of the
two and three dimensional structures are renormalized
sions monatonically increase. Fdg— the total energy is whereas the one dimensional system remains unaffected for
zero forx=0 (half filling), since the effective bandwidth X 0-5. When approaching=1 we obtain thes type struc-
renormalizes to zero; the minimum of the total energy curvéUré; as observed experimentally. Furthermore, clos& to
is therefore close ta=0.5. ForU,y increasing from 0 toe = 0.5 several types of magnetic structures are present. This
one finds that the total energy at0 approaches zero and egion is very sensitive to lattice deformations and it is es-
that the minimum of the total energy curve moves fram sential to include these in order to obtain the rlght magnetic
equal 0 to 0.5. Sinc&) /W, whereW is the bandwidth, structure, as we show below.
increases for lower dimensions, the total energy curve is We emphasize that the inclusion of states with begh
closer to thelU 4—° limit for lower dimensions. orbitals occupied is essential for the asymmetry of the phase

The lowest kinetic energy of the, electrons is obtained diagram with respect t&=0.5. IncreasingJ o would sup-
for a ferromagnetic alignment of the core spins. However, inpress charge fluctuations of the tymg; ;egT‘_’e§1 ;egT*
addition to that there is also an antiferromagnetic superexthereby reducing the ferromagnetic coupling betweerewe
change coupling between the core spins. Theelectrons  electrons. Inclusion of a finitel o, but neglect of the degen-
form effective core spins witlSo=3/2. Thetyy SUPErex-  eracy of thee, orbitals! would give rise to antiferromagnetic
change is related to the energy needed to flip two core spingyteractions, which does not correspond to the expected mag-
I.€., AEspin=E(Siota=3) — E(Swia=0). Figure 2 shows the netic coupling between the, spins.
magnetlc structures with the_ IOWeSt_ energy as a function of g g dominant structural changes are variations of the
doping x andAESP?“' When Increasing th? superexchangeMn_o_Mn bond angles and Jahn-Teller distortions. The
between thet,g spins the antiferromagnetic structures be'former is a result of different ionic radii of the ions on tAe

come stab_lllze_d with respect to the ferromagnetic structuresite_ For smaller ions the MnQoctahedra rotate to reduce
as shown in Fig. 2. Therefore, for large valuesM g, the . : .
the space around th& ion, causing a decrease in the Mn-

system becomes purely antiferromagnetic, Getype. First, .
we should point out that we do not obtain the correct mag-_o"vIn bond angle. Although the distance between the Mn

netic structure A type) at x=0. This is most likely due to onS Pecomes smaller a reduction in the effective hoppipg
our assumption of undistorted MgQctahedra. The pres- 'S found._For th_e undistorted lattice the coupling betw_een the
ence of Jahn-Teller effects leads to 3 r2; 3y2—r2 or- two Mn ions via the oxygen results from pueebonding.
bital ordering that is crucial in obtaining the right magnetic AWay from 180° the bonding becomes paréhand partlyz.
structure forx=01"1% In order to obtain an estimate of Since @dm) is about half pdo) a reduction ot is found.
AEgyn, We performed a calculation for a Mn-O-Mn cluster FOr the superexchange between thg spins the opposite
with threet, electrons per Mn ion. The model parameterstrend is found. For 180° the bonding between thg and

for the t,q electrons differ from those of they, electrons. In ~ 0xygen isw like; reducing the angle introduces a significant
this calculation we used the phenemenological relation bedmount ofo bonding, leading to an increase &Eqp,.

tween the tight_binding parameter$)({77):—0_45(pdo-) Hwang et aI.S .find, for x=0.3, that a reduction of the
(Ref. 19 and a charge-transfer energy af, =A, bond angle[which they relate to the tolerance factor
2g

+1.1 eV. The larger value ok, compared ta\, results dA:O/(‘fsz”'O)] leads to canting of the moments. A calcu-

) 29 ) 9 lation atx= 0.3 for the Mn-O-Mn cluster gives an increase in
fgom the higher energy of thEgtog L with respect to the  the ratio A Eqyy/ter by a factor 1.5 when reducing the bond
tyg1€grL configuration, due to the Hund's coupling. angle from 180° to 160°. This implies that a reduction of the
Throughout the series we hauk,, =2.4-1.8eV giving tolerance factor should be interpreted as moving upwards, at
AEgp=41-54 meV; this increase should be compared witha fixed doping level, in the phase diagram of Fig. 2. Kor
experiment, where one finds that the exchange coupling for=0.3, one approaches the transition from Eht theA type
CaMnQ; is ~1.4 times the interplanar antiferromagnetic structure. It is natural to assume that, in a model where the
coupling for LaMnQ.% t,4 spins are not fixed along one particular axis, this transi-

From Fig. 2 we find, folA E;=0.04-0.06 eV, a number tion occurs through a gradual canting of the spins between
of features that are in good agreement with experiment. Mosteighboringac planes’
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bond angle, but also the Jahn-Teller distortions. Ferromag-
C netic Pg,Sr,,MnO; has bond angles9,=158° and 6,
] =171°. According to Fig. 3 this would imply aA type
structure. However, in this compound the Mp@ctahedra
are elongated along thie direction, thereby lowering the
c' energy of the &%-r2 orbital with respect to the
x2-y?.  However, the 32-r2 orbital hybridizes less in the
ac plane as compared to thé-y? orbital thereby making
the A structure less favorable. The dotted line in Fig. 3 shows
the change in the boundary between EhandA type struc-
0 160 tures for6,,=170° as a result of the Jahn-Teller distortion.
* We used here a splitting of the effectigg orbitals in Eq.(1)
FIG. 3. The lowest magnetic structure o= 0.5 as a function Of 0.15 eV, a Value that Sh0u|d be Compared W|th that for the

of the Mn-O-Mn bond angle in thac plane and along the direc-  crystal field between they andt, of 0.7-1.0 eV.

tion. The dotted line shows the effect of switching on a crystal field ~ Nd;-xSKMnOs, on the other hand, has, ferclose to 0.5,
of 0.15 eV, see text. a Jahn-Teller distortion at low temperatures with the Mn-O

bond lengths along thie direction smaller than those in the

Effects of the crystal structure on magnetic and transporf:¢ Plane. This stabilizes the antiferromagnetic structures
properties are even more pronounced closex4e0.531° with ferromagnetic regions in thec plane, i.e., yielding the

Figure 3 shows the effect of changes in the Mn-O-Mn bond™ andC structures found in these systems. Thus the antifer-
angle in theac plane and along ths direction on the phase romagnetic structures for the Nd-compounds are stabilized

: . : y both the bond angles and the Jahn-Teller distortion. When
diagram. The parameters are given in Table I. Although th he Jahn-Teller distortion disappears, the ferromagnetic state

competition between the low-temperature magnetic strucfecomes more favorable than the antiferromagnetic struc-

tures depends mainly on the Mn-O-Mn bond angles, furthe res. Also the increasing resistivity for te, A, and C

changes in the boundaries between the different magnet CE) structures can be qualitatively understood from the
phases could occur as a result of different Mn-O distance 4 €4q y un :
relatively largerU4/W in the systems with lower dimen-

and variations in parametefd. ,A;_ ,(pdo)] for different - f . .
P r &g’ " 2g (pdo)] sional ferromagnetic regions and the smatigr. Within a
compoundf. _ _ _.model that includes dynamic Jahn-Teller distortidrthese
For 180° bond angles the system is ferromagnetic. This igtfects lead to a crossover from a Fermi liquid to a polaronic
close to the situation found for LaSr,,MnO5;. When de- regime??
creasingf,, the superexchange along thedirection in- To summarize, we have interpreted the appearance of dif-
creases whilete; decreases. Clearly this stabilizes the  ferent magnetic structures as a competition between ferro-
structure with rgspect to the ferr.omagnetlc one. On the Other‘hagnetic regions of different dimensions and the superex-
hand, a reduction of the angle in the plafig leads to the  cpange of the,4 spins. The inclusion of a finitd .4 explains
formation of a ferromagnetic plane perpendicular to &®  he |arge ferromagnetic region far<0.5 and the antiferro-
plane. In both cases the largest bond angles lie in the ferrgqagnetic regions for>0.5. This implies that, not only the
magnetic planeA andA’ are also observed experimentally 44 pie exchange mechanisrﬁ;g(Tem ;tigﬁtﬁm :timegﬁ,
close t0x=0.5. Nth4sSlossMNO; has 0,=162° andac ¢ also  transfer  processes  of the  type
=168° and is ferromagnetic in trec plane. Py,Sr;,MnOg 3 .43 3 43 2 ; :
/ t541€q1 11541€ t541 1 1541€51) are important for the stabi-
has 6,=174° andf,.=163°; here Kawanet al® find fer- |(i226£1;'[Ti0?1T ofz?érrgc;r:aé]ﬁeti;gr% 1) P
rct)n:qusgoetri]c planes E)]erpegciik::ularr] t'ol':?éeE pltanet. Ear\l/i\(/er Using this model we are able to elucidate the changes in
studies, " however, showe € chainii structure. Ve magnetic structure close toequal 0.5 and effects resulting
find that the angles are close to the boundary between thﬁ,\

| , d chainlike €7 struct When d . om changes in the tolerance factor. We can therefore con-
planar @) and chainlike €’) structures. en decreasing ¢, e that the present model provides a good understanding
the Mn-O-Mn angles further, it becomes advantageous t

. th b ¢ antif iic bonds. th b%f the observed trends in the competition between different
increase the number of antiferromagnetic bonds, there Mragnetic structures.

forming theC andC' structures. Experimentally the chain-

like CE structure is observed for NgSr,MnO; (Ref. 9 We acknowledge D. Koelling and M. R. Norman for a
(6p=0,.=162°) and Lg,Ca,,MnO; (Ref. 10 (6,=160° careful reading of the manuscript. This work has been sup-
and 6,.,=162°). ported by DARPA/ONR, the State of lllinois under HECA,

For the comparison of high and low-temperature magnetiand by U.S. DOE BES-MS under Contract No. W-31-109-
phases one has to consider not only changes in the Mn-O-MBNG-38.
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